INTRODUCTION
Early in my connection with this laboratory I became interested in the special research conducted here, by Professor Herbert M. Evans, chief of the department, and his assistants, upon certain tissues and organs of the albino rat and other rodents by means of vital staining. As this seemed to offer an interesting and profitable field of study, and a possible means by which certain problems in the morphology and histology of the enamel and of other dental tissues could possibly be elucidated, I was induced by the advice and suggestion of Professor Evans to begin a series of studies upon the jaws and teeth of lower animals.
In beginning this study it was necessary to select a laboratory animal that would be always on hand and available for experimental purposes. The decision fell upon the albino rat-Mus norvegicus albinus-for the reason that it fulfilled these requirements, and also because it was possessed of continually growing teeth (incisors) 1 and reached full maturity in about one hundred days, thus makizig it possible to study the growth of the teeth, from a very early period of life to complete maturity, within a comparatively short period of time.
The morphology and histology of the teeth of all the mammalia bear a very close resemblance to each other-so close a resemblance as to make it possible, with very little chance of error, to apply the findings and conclusions deduced from studies upon the lower orders of the mammalia to the teeth of the higher orders of mammals up to the genus homo.
These particular studies have been pursued for the last three years. During that time I have prepared over one hundred and fifty jaws of rats with the teeth in situ, by the grinding method. My first work was done upon jaws and teeth that had been decalcified; but, so far as the teeth were concerned, this process was of little value for the study of enamel, since decalcification destroyed this tissue almost completely, and the acids employed for decalcification removed every vestige of the stain from the other tissues. The rat has but one set of teeth, hence dentition is monophyodont. The whole period covered by the eruption of the teeth is from twentyfive to twenty-six days. The incisors are the first to make their appearance-on the eighth to the tenth day after birth. The first and second molars appear, respectively, on or about the nineteenth and twenty-first days after birth, while eruption of the third molars is usually delayed until about the thirty-fifth day. After the eruption of the second molars the animal is capable of maintaining an independent existence. The second molars are the largest teeth in that series. The incisor teeth belong to the class termed persistent, for they grow from a persistent pulp, and are without roots, though firmly set in a deep, strong alveolus. The incisor teeth grow constantly during the life of the animal, as do the tusks of the elephant.
The teeth of the rat, like those of other mammalia, are composed of three hard or calcified tissues, namely, enamel, dentine, and cementum; and of two soft or vascular tissues, namely, pulp and pericementum.
The enamel forms only upon the outer or labial aspect of the incisor teeth. In the molars, the enamel covers the entire crown of the tooth. The cementum and pericementum are formed upon the inner or lingual aspect and sides of the incisor teeth. The roots of the molars, however, are completely invested with cementum and pericementum, and surrounded by a strong and definite alveolar process.
The sulci of the morsal or grinding surfaces of the molar teeth appear to be filled with a form of cementum, which wears away more rapidly than the enamel and thus tends to keep the morsal suffaces in good condition for grinding and triturating the food. The morsal or grinding surfaces of the molar teeth are all upon the same plane.
The lower jaw or mandible is formed in separate halves, bound together on the median line by a strong ligament. There is no bony union between them. The animal has the power of advancing the lower jaw, so that the inferior incisors can be closed upon the outside of the superior ones. Enamel being formed only upon the labial aspect of the incisor teeth, these teeth in both jaws are constantly worn to a chisel edge. The incisors and molars of both jaws are separated from each other by a wide interval or diastema.
The incisor teeth are much curved, the superior teeth curving downward, and the inferior ones upward. Owen (7) describes "the curve of the lower as being a smaller segment of a larger circle, and of the upper as a larger segment of a smaller circle." Owen also states that "the abrasion resulting from this reciprocal action of the upper and the lower incisors produces accordingly an oblique surface, sloping from a sharp anterior margin formed by the dense enamel, like that which slopes from the sharp edge formed by the plate of hard steel laid upon the back of a chisel, whence the name given to these teeth, denies scalpraris. These teeth are the longest incisors and usually have their alveoli extended below, or on the inner side, of those of the molars to the back part of the lower jaw." According to Donaldson (1) the segment of the circle, in the adult animal, is from 1400 to 1450.
The writer finds that the lower incisors have also a slight lateral (inward) curvature of from 50 to 80, which makes it very difficult to grind these teeth so as to obtain a complete parallel section for their entire length. The growth of the incisor teeth of the rat, as determined by Donaldson (1),is, forthe superior, an average of 2.2 mm. per week; for the inferior, 2.8 mm. per week. In a normal occlusion of the incisor teeth the wear is equal to the growth; but when they fail to occiude in a normal manner, and no wear takes place, these teeth growto great length, curving towards the head, and sometimes penetrating the skull and killing the animal. At other times the incisors are diverted to one side or the other of the head and, by their lateral pressure, throw the jaws out of aligment, thus obstructing the movements of the mandible, preventing occlusion of the molar teeth and therefore of mastication, and ending the life of the animal sooner or later, by starvation.
The incisor teeth of the rat were chosen for this study, for the reasons already stated, namely, that these teeth grow continuously during the life of the animal; they have no roots, but grow from persistent pulps ( fig. 1 ); and consequently the cells concerned in the formation and development of the various structures of the tooth can be studied from the earliest period of their formation to their complete development. This appeared to be a very great advantage over the study of these structures in some of the larger orders of the mammalia, like the lamb, pig, cat or dog, or the human embryo, on account of the difficulties encountered in obtaining embryos of many of these animals at desired periods of development, and the even greater embarrassments involved in securing human embryos in sufficient numbers and at selected periods of development. The selection of the incisor teeth of the rat offered the further great advantage of a predetermined preparation (by vital staining) of the tissues for study during the life of the animal. The human embryo can rarely be secured for research purposes until the vitality of its cellular elements has entirely disappeared. Consequently, the staining of such tissue was very unsatisfactory for the purposes of this investigation.
Devitalized tissue cells are prone to stain en masse (2), while living cells (embryonic cells) generally show the stain in granular (punctate) form. This is particularly noticeable in the living macrophages and fibroblasts of the connective tissues, and in the ameloblasts of the enamel. Healthy animals only-generally such as were young and growingwere used in this work. VITAL STAINING AS A METHOD By the term "vital staining" is understood the staining or dyeing of the tissues of a living animal by injection of certain stains or dyes not harmful to health nor destructive of life. In my own experiments, in this relation, the dyes were injected intraabdominally. A sterile aqueous solution of the dye was always employed, and injection always done under strict aseptic precautions. The relative non-toxicity of such dyes has been shown by their satisfactory use in innumerable experiments upon the lower animals. The dye, when injected into the abdominal cavity, is absorbed into the blood very rapidly and is promptly disseminated over the whole body in the circulation, and from it through the blood-vessels. The skin and the oral mucous membrane show the stain in a few hours. Since the dye is absorbed from its place of injection and distributed throughout the body by means of the vascular system, from which it again escapes into the tissues, it is evident that vital staining appears earliest just outside the blood vessels and is always exhibited most intensely in such locations.
A rat stained with violet, purple or blue dye shows the stain in the incisor teeth, both superior and inferior, at the central portion, directly over the pulp-chamber, in two or three days after injection (figs. 2, 2a, 2b).
This method of staining has opened, to the dental morphologist and histologist, an entirely new and most interesting field of study and research, by reason of the fact that certain acid vital dyes (azodyes) have a marked predilection for, and almost a specific tendency to lodge in, certain cells and tissues during the embryonic stage of their development.
Vital staining, as applied to the study of dental morphology and histology, is a subject of intense interest. Heretofore the investigator has been dependent upon the old methods of staining-staining of formed and dead tissue. With this new method of vital staining, the tissues are prepared for investigation while in their embryonic stage and during their growth in the living animal. This makes it possible, of course, with the incisor teeth of the rat, growing as they do from a persistent pulp, to study the tissues, particularly the enamel and the dentine, from their earliest beginnings to complete development.
VITAL STAINING OF THE TEETH OF THE RAT

Enamel
The enamel organ is an epithelial structure derived from the epithelial layer of the embryonic oral mucous membrane. The enamel cells (ameloblasts) are modified columnar epithelial cells. The enamel organ in the rat appears to be a double membrane, the parts being separated by a more or less regular open space. I have, however, been unable to demonstrate, to my entire satisfaction, the occurrence of a stellate reticulum, although this is a simple matter in the developing tooth of such animals as the lamb and pig.
The outer tunic of this double-appearing membrane is supplied with blood from the alveolar bone, as may be readily observed at the base of the developing incisors, from the presence there of numerous capillary blood-vessels and many deeply stained macrophages and fibroblasts. The inner tunic is also supplied with a capillary circulation, as may be readily demonstrated by killing a rat and immediately injecting the animal through the aorta with a solution of India ink, removing the mandible, decalcifying it, imbedding it in celloidin, and cutting sections 15 to 20 micrones thick. The ameloblasts lie next to the inner tunic and the alveolar bone lies next to the outer tunic, with a thin fibrous membrane between, presumably periosteum.
It has been observed by Professor Evans, in experiments in this laboratory with the acid vital-dyes, that epithelial tissues as a rule do not take these stains. The epithelial structures of the alimentary tract, from mouth to anus, it is generally stated, do not take the stain of any of the acid vital dyes. Neither are the epithelial structures of the skin, lungs, salivary glands or pancreas affected by them. On the other hand, the epithelial elements of the liver and kidneys are intensely stained (2). The connective tissue structures, like skin, bone, periosteum, pericementum and the dental pulp, take the stain very readily and store it for a considerable period. In one of our cases stained with trypan blue, the stain persisted for more than a year, the skin still being markedly blue and, at autopsy, the structures of the jaws and teeth showing quite intense staining.
In some of my specimens the ameloblasts and the secreting papillae of Williams contain numerous round glistening bodies; and there is punctate staining in the embryonic enamel rods, when either a violet, purple or blue dye is used, as may be seen when the tissue is cut in longitudinal or transverse section.
The enamel rods in longitudinal section, as seen at the base of the persistent pulp (with oc. no. 4, obj. ' , oil immersion), appear first to be soft fibrils which take the stain rather faintly; later they assume the form of tiny globular masses, piled one upon another in a regular order, with narrow intervals between them and forming into strings or columns. These globular masses look very much like the rouleaux formed by the red blood-corpuscles in the process of blood coagulation. They appear to be formed with thick rims (biscuitshaped) like the red blood-corpuscles. In the earlier stages of their formation, this biscuit-shape is clearly marked; later they seem to settle together and leave only a faint trace of their union, which gives the striated appearance to the enamel rods. The enamel rods appear to be about twice as wide as the interprismatic substance that separates them. In transverse section the enamel rods, under the power indicated above, appear to be irregularly hexagonal, fiveor six-sided. Under a lower power they appear to be circular. The rods show punctate or granular staining when in focus (fig. 3 ). The interprismatic substance shows no staining at all.
When out of focus, the stained enamel rods appear to be colorless, and the interprismatic substance has a faintly darkened outline.
It may be interesting, in this connection, to note in detail the treatment of Rat "L2" (No. 204, Dr. Long's series), from the enamel THE JOURNAL OF DENTAL RESEARCH, VOL. II, NO. 1 of which fig. 3 was drawn, and also the method of preparing the tissues for, and the results of, microscopic examination. The area shown in the illustration ( fig. 3 ) was taken from the forming enamel near the base of the persistent pulp, and shows a section of enamel and dentine with punctate staining in the enamel rods and in some of the dentinal tubuli. November 11, 1916, killed with chloroform; head immediately severed from the body and placed in 10 per cent solution of formol and in a thermostat at 35TC. November 22 it was transferred from formol solution to 95 per cent alcohol; December 7, to absolute alcohol; December 8, to Canada balsam (xylol balsam) for impregnation. On January 4, 1917, after twelve hours of hand-grinding, the specimen was cleared in absolute alcohol and xylol, and mounted in xylol-balsam.
Microscopic examination. (At the base of the tooth pulp.) The forming enamel rods show staining with dianil blue. The dentin is slightly stained. The enamel is deeply stained. The rods are stained. The interprismatic substance is not stained. Some rods show deep staining at the central portion, others have granular or punctate staining. At the junction of the dentine and enamel there is a considerable accumulation of blue granules while, at the outer periphery of the enamel, the embryonic tissue is still more deeply stained. The pulp is deeply stained blue, showing many stained macrophages and fibroblasts. The alveolar bone and also the blood-vessels are deeply stained blue. The pulps of the molar teeth and the pulp of a developing third molar show deep staining, as does also its bony crypt. Blue granules can occasionally be found in the dentinal tubuli in the early stages of the formation of the dentine. The pulp of the incisor is most deeply stained at the morsal apex. The stain has seemingly accumulated at this point.
The stain, which always appears (in the vitally stained animals) as a granular detritus, seems to be arrested at the pulpal surface of the dentine. Numerous small granules appear in the odontoblasts.
Transverse sections of the enamel rods show deep staining. The stain is deposited in the form of minute granules but unevenly distributed. Some rods have the granules evenly deposited in them. Others have the deposit seemingly in the center only; in others the granules appear to be deposited at one side. (This appearance is probably due to the angle at which the rods are sectioned.) The interprismatic substance is not at all stained.
Certain faint lines appear in the dentine of the incisors following the long axis of the tooth at uneven distances apart, beginning at the basal end of the tooth and fading out as they approach the occlusal end. These lines (double), five in number, look something like the lines of Schreger, or the incremental lines of Owen. After careful comparisonit was determined they were not incremental lines.
Enamel rods in longitudinal section are seen to be made up of little biscuit-shaped disks or globules piled one upon another. Enamel rods in transverse section (seen under oc. no. 4, obj. A, oil immersion) appear to be hexagonal, fiveor six-sided. They have taken the stain and have a granular or punctate appearance. The interprismatic substance is not stained. When out of focus the enamel rods appear to be colorless and the interprismatic substance has a faintly darkened outline. The -color in the enamel rods fades out as the morsel or cutting end of the tooth is reached, and finally disappears entirely. The mature dentine does not appear to be stained-the stain has evidently faded out. The pulp and the forming enamel are usually highly stained. Wherever blood-vessels abound the stain is in evidence.
As the enamel rods grow older, and the tissue in its growth moves towards the morsal or cutting edge of the tooth, the stain fades out, so that by the time the location of wear is reached, the stain has entirely disappeared.
The enamel rods in the teeth of animals vitally stainedwith violet, purple or blue dye always show a punctate or granular form of staining when seen in transverse section with the higher powers of the microscope. The studies of Professor Evans and Dr. Scott (3, 4) in this laboratory have demonstrated that the "vital granules" of these dyes are in reality small storage vacuoles produced by the living cells. The punetate or granular staining of the embryonic enamel rods is therefore evidence that the protoplasm of these rods was living at the time of the deposition of the rods, and that, after storing a certain amount of the vital dye, the protoplasm later gave up the stain as the enamel tissue was matured.
Another condition worthy of notice is the fact that the enamel of the incisor of the rat, or rather that portion exposed to the fluids of the mouth, has usually, under normal conditions, a strongly marked yellow tint, which becomes deepest at the morsal or cutting edge. To attempt to assign a reason for this condition would be at best only a matter of speculation, for it may be due to the greater density of the mature tissue, to exposure to the action of the salivary fluids, or to stains from the food, etc. Not all of the rats, however, show the same deep yellow stain of the enamel, but all are more or less tainted with it.
Fully developed enamel is formed only upon the labial or anterior aspect of the tooth. The enamel is quite thick upon the labial surface and ends laterally in thick, abrupt margins. At this point the cementum, which is very thin, is overlapped at the cervical margin by the enamel.
The dentinal tubuli break up at the dento-enamel junction into numerous fine branches, and seem to end in a granular layer, the granular layer of Tomes. The dento-enamel junction is well marked. Beyond this junction may be seen (oc. no. 4, obj. 2, oil immersion) numerous "ampullae" in the enamel, of various sizes and length, with processes passing outward between the enamel rods, to be lost in the interprismatic substance. I have been able positively to demonstrate the presence of color (stain) in the dentinal tubuli, but not in the "ampullae" of the enamel, of the teeth of vitally stained animals. In some localities, however, it has seemed to be present. The " ampullae" at the dento-enamel junction of the rat are more inclined to end in olive-shaped terminations than in fine fibrillae. This appearance may be due to the limited power of the objective (1'2, oil immersion).
The ampullaee" are most numerous at the lateral terminations of the enamel, and many of the ultimate branches of the dentinal tubuli cross the dento-enamel junction to be lost either in the prismatic substance, or the "ampullae."
The enamel rods are arranged (as in human teeth) in a direction, usually, perpendicular to the surface of the dentine, and present the same striated appearance. In the incisors, however, the enamel rods have a morsal inclination.
I have been unable positively to demonstrate an enamel cuticle, Nasmyth's membrane; but the presence of certain structures covering the enamel in young teeth, leads me to believe that these structures constitute an enamel cuticle.
Four conditions are very noticeable in the completed, mature, structure of the enamel of the rat.
(1). The rods or prisms are laid down in very regular rows, with an inclination in the incisors towards the morsal or cutting edge.
(2). The rods are relatively twice as wide as the interprismatic substance that separates them (oc. no. 4, obj. '-, oil immersion).
(3). The rods are built up of biscuit-shaped globules, arranged with the greatest precision.
(4). The rods take the stain in the early stage of their development, the color later fading out; but the interprismatic substance never takes the stain at all. Dentine The dentine, which forms the great bulk of the tooth, is a connective-tissue structure, harder than bone and less dense than enamel. As a connective-tissue structure, it is capable of receiving the color of a vital dye.
The dentine-forming cells (odontoblasts) with their processes, form a complete membrane-like outer covering to the dental pulp. These cells, with the pulp, also take the stain very readily. There is undeniable evidence that occasionally the dentinal tubuli in vitally stained animals receive the stain and possibly transmit it. The pulp tissue and the odontoblasts, however, in all probability, constitute a filtering mechanism that retains nearly all the available dye as thestain leaves the pulp capillaries. We know that wherever there is a blood-circulation in a tooth the dye will penetrate, and that all connectivetissue cell elements supplied with nutrition by such circulating fluid receive the stain.
Injections with the violet, purple and blue dyes show plainly in the dentine, by leaving certain colored lines, which apparently correspond with the number of injections made, and the intervals between them. These lines when first produced lie next to the pulp and are therefore formed while the dentinal tissue is in the embryonic stage. They, however, soon fade out, and leave the dentine without any evidence of having been stained by the time this portion of the dentine (in its natural growth) reaches the morsal or cutting edge of the tooth. In a later communication I intend to discuss this subject at length. It is worthy of note, however, in this connection, that, in some of my earlier studies with these same dyes, human adult teeth, stained through the apical foramina in vacuo, showed that the dyes had penetrated the dentinal tubuli and lodged in certain " ampullae" found at the dento-enamel junction (5) and in "Tomes' granular layer" (6). Consequently, the general lack of vital stain in the dentinal tubuli when azo-dyes are administered, can not be taken to indicate the absence of a fluid passage into these tubuli from the pulp. The dentine at the base of the pulp, where it is in its embryonic stage of development, shows the stain quite strongly, but only occasionally have I been able to observe any color in the dentinal tubuli.
As the tooth wears away at the morsal or cutting edge of the incisors, the pulp-chamber is closed with new material, probably a vaso-dentine, for the stain in the pulp shows through at this point ( fig. 2b ).
The "granular layer of Tomes" is well marked at the dentocemental junction, many of the dentinal tubuli terminating in "ampullae" and lacunae-like spaces, but leaving a clear space between that layer and the cementum. Cementum The cementum is also a calcified connective-tissue structure, harder than bone, but less dense than dentine. It closely resembles the compact tissue of bone, but has fewer lacunae and no Haversian systems. In specimens of human hypercementosis, the lacunae are numerous and occasionally Haversian systems are present.
The cementum in the rat is comparatively thin and covers the dentine of the roots of the molars from the cervix to the apex, being thickest at the latter location. In the incisors, it is formed only upon the lingual side of the tooth; or, in other words, upon that surface in the superior which faces the tongue and in the inferior that which faces the palate.
The cementum in all my specimens contains numerous oval cells (unstained) , probably cementoblasts, and shows also a rather uniform, faint, diffuse staining, thus proving conclusively that the color is brought to it by the blood-vessels of the pericementum and not through the dentinal tubuli from the pulp. No evidence of stain can be seen as passing though the dentinal tubuli to the cementum. (In all my studies of the rat, it has never been my fortune to find any abnormal -tissue.) The cementum does not die or become necrosed in man upon the death of the pulp, for its vitality is dependent alone upon the presence of a living, functioning pericementum. The cementum of the rat is quite thin in comparison with the pericementum. I have been unable to distinguish with certainty any lacunae in the former tissue.
pulp
The pulp is a highly vascular connective-tissue organ, presumably abundantly supplied or endowed as in the human subject, with blood-vessels, nerves and possibly lymphatic vessels. Further research will be necessary to establish the latter presumption.
The pulp occupies the central cavity or pulp-chamber of the tooth, and gives nourishment and sensation to the dentine and possibly to the enamel. Should the pulp lose its vitality by disease or traumatism, the dentine and enamel would be cut off from all nutrition and sensation and thus become practically dead tissue.
In injected rats the pulp is always deeply stained with the dye employed, as are also the odontoblasts. The pulp-stain is due entirely to vitally stained macrophages that are resident in the connective tissue in the pulp. Fig. 4 is a longitudinal section of the incisor tooth of an adult mouse that had been vitally stained with dianil blue.
The incisor teeth sometimes become broken off down to the gingivae. I have carefully examined several cases of this character, but in no instance was the pulp exposed, nor could I discover any evidence of irritation due to the traumatism. A further study of the pulp is reserved for a future communication.
Pericementum
The pericementum is a fibrous connective-tissue structure analogous to the periosteum of bone. It covers the entire outer surface of the cementum, and is supplied with blood-vessels and probably with nerves from the alveolar bone.
The pericementum takes the stain of the azo-dyes more deeply than does the cementum, on account of its vascularity. The membrane appears to be about twice the thickness of the cementum, while at the apices of the roots of the molars it is much thicker. Stained macrophages and fibroblasts are very numerous in it. Under the higher powers of the microscope (oc. no. 4, obj. o ,oil immersion) many fibers can be seen to pass through it from the alveolar bone to the cementum.
The junction between the dentine and the cementum is well marked and usually shows a clear space between the "granular layer of Tomes" and the cementum. The areolar spaces are larger and more numerous next to the alveolar bone. The fibers break up into tufts and spread out laterally into a delicate network, and are attached to the surface of the cementum.
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